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l\'lANGANESE I~ITIATED GRAFT COI'OLYMERISATION OF VI;\YL 
MONOMERS ONTO COLLAGEN 
K. SATISII I3AUlJ, K. I'AN[)UIIANGA.RAO, K. TH()~l,\S JOSEI'll, 
M. SANTA!'!'A & .y.;- NAYUDAMMA' 
Ct'Iltral Leallrer Researclr II/still/Ie, Madras. 
Reccived on .I<lIlliury 21, 1'174. 
(JraJt copolY1l1erisation of vinyl monomers slich as mcthyl methacrylate 
(MMA). mcthyl acrylate (MAl and acrylonitrile onto collagen has been 
carried out using manganic iou'as initiator. Collagcn vinyl graft coplymers 
were characteriscd arter acid hydrolysis of the coll,,~cn hack bone with 
uN IICI. The nlOlecular weights of the grafted vinyl polymeric chains were 
ill the range of 2.89 to 18.32:< 10'" These values arc in agrcement with those 
ontllinc(/ using Ce l -\- initiation tcchnique. The rate of grafting was in the 
order Mi\.Ii\>MA>AN. The number of grafting sites obtained from the 
rno\ccul<lr wcight data indicated that 'the molecular weights of the isolated 
grafts are many times larger than the molecular weights of the tropocollagen 
molecules and the grafting sileg are very fcw. These results are in agreement 
with those obtained b): Celi system. Proof of grafting has heen provided by 
the I.R. 'f'cctra of the isolated grafted chains which showed characteristic 
arnide ansorptio'n bands of th~ amino acids. Elcdron micr:JsCopy of the 
graft cOf'olyrners ind'icated the absence of eross.striations. A Illechanism 
fnr t he initiation Cllpt1!vlllCrisation \Ising Mn'+ ion has been suggested. 
In recent years. Ihe fprmation PI' graft 
c(lpolYJ11ers (If COll;lgCII .has received 
,Inti visible light in the presence.of certain 
~cnsitizers.'o," Many other activating agcnt., 
have also bccn used successfully, e.g. 
Fcntons' rcagent,"'''vunadiu'm'' and potas-
siuill pcrsulphatc"'·'· In thc prcscIlcc of a rc-
ac\ivc hack bone (doublc bonds orhulogens) 
ns in PVC or chlorin:1led rubbcr, even a 
catalyst like benzoyl peroxide may be used 
for graJling.""·" In this papcr, wc report 
the suitability or manganesc ions to initiate 
graft coplllymerisation of vinyl monomers 
t1nto collagcn. Our rcaSon for carrying out 
these studies was aimed at produ(~ing 
artilleial reinforcement of collagcn in hidc~,. 
;lntl ,kin~ which could Icad to thc produc· 
tion nf funcl'ionully modified leathers . 
con~idcrable allcntion. In previolls 
p;tpcrs,' t WC reported from this laboratory 
tlte ceric ion initiated graft copoIYlllcrisa" 
t ion or vinyl Il1n1101l1er~ onto collagcn. The 
vinyl (ypc or pnlYlllcrisal ion is usually 
initiated by a free radical. Most gran 
Pl)IYlllcrs or collagen havc been prepared 
therefore by crcating. free radical center,; on 
the collagen hackblltlC. This may be done 
by the applieati()\1 of high energy stich' as 
r/.rays or Itl\\' energy stich as ultraviolet light 
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Sing el al" and Namil~iv<1yalll ('I a/" 1I'I\,c 
rccenlly reporled IlwI manganic sulph;ll.c 
in excess sulfuric "cid Illily form an eIT:c-
live redox system for gfi!fting of po/y., 
methyl methacrylate on ccllulose and poly. 
vill):'r alcohol. Since colla).!t'll is known to 
c(liitain various functional grollps ~lIcll "s 
IIydrp,~y/, amino and illlill,n whicll IIl"Y 
he Glpahle of forming :1 redox system 
witll manganic ions. il W;IS or interesl 10 
stlldy Ihc grafling (If villyllllllnolllCl's Oil 
l'oll;lgell using lhis system ; 1Io1/. I lOl'<llllpaIC 
lile sample willi the prcvinmll' siudied 
ceric iOIl SYS Iclll , 
necked flask of one lilre capacity filled lI'it.h 
a water-sealed glass stirrer, 1\ ga~ outlet and 
a lhermometer. All thegrafting,eKperimenls 
were carried .out using stirring' speeds of 
ISO-200·r. p. m. at rOOI11 temperature. In:1 
Iypical experiment, 10 g. hidc powder were 
dispersed in 400 mI. of distilled walcr, 
Arter oxygen-free nilrogen gas was bubblcd 
throu~h the reaction mixture lo expel the air 
inside Ihe flask for 30 minules, the requisite 
;l/ll011l1t of monOl11er was added. The 
anwunt or manganic sulfate solution 
cakulalcd tngive Ihc desired concC'ntr;ltion 
Ivas tllcn 1Idd<:d. Thc reaction was, "IIolVed 
III proceed for 3 hours ancr \\'11 ieh the 
rc,ulting products lITre scparaled by lillra' 
I':" lit I' i III C IIlnl 
,\ftlle/"ia/s 
Col/ag!'1/ 
CoII"gell prepared j'i'ISIll Ille middle corilll11 
'II' hu/l":i1o lIi,de was 'used as Ilic Slllirce of 
illsoluble collagell, 
I ion. washed Wilh dislilled water and 
exlraeted with the appropria'te snh'l'nh of 
Ihe hOl1lopolYl11crs to rem(lve the on:ludcd 
alld loose/y bOllnd hOlll0ptll~'l11er, I\C':I(1I1, 
in the casc of /'vi /'viA andMA.grafted e(lliagen 
and N,N-dimethyl forl11amide in the case 
of AN grafted collagen were uscd for,extrac-
tillg the hnm .. )polymer~. , tI rOl/fllII!'/",\' 
Melhyl llIethacrylate (tvJi'Vlt\) and 
lIletllyl ncrylate (MA) wcrc oblaincd 1'1'0111 
Rullln & 11;las. lJS,\: ;lcry/o'l;flrilc (AN) 
f'rnl,1l BOH, AII,"wcre purilicd by Sl;lIldarc/ 
IIll'tll(ids ;IS described ill prCl'illli s Jl;IJll'l"S. 
/:"1/::.1"11/" • 
Pr(lnase. II gra.de(CiI-Biocllem: US,\) II':IS 
IIsed wil/Hiut further purilicali(ln, 
;l/wlgul/ic ;I"1llrih(/(<, 
I 
Mallg;lllic sulp/late ,\\';10; prl'pared hv 
<l\itiisir"l! 1Il;ll1gall(lUS slIlpll;II,' ill Su/pllln/l' 
"viII \\'illl i'otassiulll p(~r11l:llIg;ln:lle U\lllg 
I h,' IIll~thod d<:scrihnl by I Ubbdohdl'.'" 
(; /"illi ('oPo/rIl1('/"i ::111 iOI/ I'/"fl('('du/",' 
The gr:1 n cllpnlymerisa t ion rC:lct ions 
II't'I"e carried out in a round-h()ttol11l'l1 thrl't'-
" 
AI1(1/Y.l"i.l" 0/ lire grajied (l1'Ot/II,CI.I" 
The extmcted, dried producl was thcn 
analysed for tolal nilrogcn, argininc and 
hydroxyproline as reporled earlier,'" Thc 
c,dlagen conlent of the grafl copolYl11l'1"s 
was calculated from the contcl1l of hydroxy., 
proline (by Illultiplying the hydroxyproline 
contenl by 7.4)' or fro/11 the content of 
total nitrogen (by mUltiplying the nilrogen 
contenl by S.(l)' or from the arginine valuc 
(by l11ultiplying the arginine COnlent by 
I /'(i).' 
Cillinidcrizal ion 
/,1'0/111;011 u(grc(/i(,t! l'il1:r/ /I1I/1'I/11'/" side c/rllil/\' 
The grafled vinyl po Ij'lller side chains 
were isolated frolll collagen backbone 
by hydrolysis with hydrochloric acid and 
also by digestion with pronase lIsing the 
pr(ll't'dllre given in (lUI' earlier papers.'" 
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./I/"I,'clilul" II'l'igli/ tI/ gl"oth'.1 l'il'.l'/I'''/;'1I11'I I'id, 
1 
c/willJ 
I 
The viscosity and molecular lI'eil!hts oj' 
·1 " . gr"fled "invl branches i,~olatcd by acid 
hyd~o!ysis ;veJ'c detcrmined using :1 peL 
slispended Lcn'l Dilulion ViSCollll'ln. The 
inlrinsic vi,cnsilles 1'/ lVere (lillainl'd ,I", 
'\:!ollling 1/.,p!C ;1,!!:lillst C and ('xtr:lp,,j:llillg 
thc iSlrai!!11l lillc to Zero C(lIIC:elllrati(lII, 
Rcl:Hitlllships usn! for Ihe cv:liualillil or 
I I I . 1111' eC11 :11' \\Tlghls(M) were I hose duc~ In 
.1'1,.\ ,1/ iI/ ,,: for poly (Illelhyl 11I('lh:lnylatc) 
:11 .1O'[e 111 henzcnc 
'II X (,I) III :'M ".',,; 
I " 
1(,1' pi;t, (11IClh)'1 ;lcryl:ltL') a'l JS"C ill hl'III.,'IIl' 
dill' In Sen "/ til'" . i' -
'I I 2x' II) I "1","'" 'I. i .• - ,,- 'v 
alld rot I",I)'-:lc'ryIt1nilrik 
I 
'J}' ~·2.43 ".10 1M !'.~' 
\' 
I' dilC till Clelal1d C'/ of' at 25"(' 111 dilllclhyl 
r<'rlll:1 dl ide 
I 
I 
!1I/i'II-I"Jd Sf')ee/fa 
. I 
To p~ovide proof of graftiilg the infra-rcd 
spcclra I~f I.he grafts isplatcd hy acid alld 
enzyma,l i<.: hydroly'sis were measured wilh a 
Perkin-Elmer Model, 337' graling infra-red 
~pcctrol~hot(lmctrr If~i\1g potassiull1 bromide 
(KBr) p1ellets (500 n~g,) containing 2,·(, mg., 
(If p(l\\'d:ered J1(1IYl11cr~.I". 
i 
F:h'tll'tJI1'lIliNtJ\'('/I/Il' I . 
i ' 
Tog:li;n kllowledge of tile l localioll "I' tile 
graftcd \POIYIJICl' ,in' Ihe collagell fihrils, 
cieclron micr(lscopic observation of the 
grai"icd ~ollagclI fibrils was undertnken, 
Sill11plcs lof collagen pnwder grafted wilh 
pClly (Mfv1A) were used for this purpose 
lIsing th'e snll1e' proeedurc as rcported in 
carlier p~per,' 
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/','1',',11/ ,,:rO/lillg "/lei ill" /l1IIl//It'r 01' gf'lljiillg 
si/c's 
The 1','1'(,,'111 grafting and the lIumber "r 
gr;lrlin!,! sit<:s per molc ur c'"Jlagen \\'cr~ 
deterl1lincd :1\ reported 111 the previuus 
paper,,"" 
Tllt:iI c'OI1\'c"',iul1, Ihe e.llicicllc\' cll' grarlillg 
:111d Illc 1 .. 1,: "I' g"artillg \I'l'IT calculat.ed as j'." 1.1\\', ; 
Tel l;iI 
C', III 1'(' I': II'"( ':;',) 
F.tliciel1cy"r 
,l!r:l rt iH!! ('.' .. ) 
Weigh Is or polymer 
gr:1 1'1 cd ;J nd 
_,~1_(~~1,~ ~~p(l,l,v ! ~ 1_1' r 
Wriglil \If 
1\1 (\ II. 1111 C r 
L'ilar!!c'd 
Weighl of J1,,J~'mer 
IO() 
. ___ . __ !:!~:;J n nl ., "._. __ .. , >; It H) 
Wcigilt~ PI' 11illYll1cr 
I!rafteo ilnd 
110 1110pO I Y 111 e I' 
The rale or grafting in ";,/111', was cOl1ver-
ted 10 I{p by usc of tile equalion 
Rail' of 
gr:ll't illg (Rp) 
'X,/hr. I' I IOiT Y. a x 11\(1 e welg lt 
I 
"j'lll"Il(lnlCf" . mole/I !sec 3600 " 
where 'a' is Ihe number of grams of collagcn 
pc rl i t rL' 0 r mOI1O I11cr-wa tcr-collagen, 
Resull~ and disellssi()n 
('-ra!1 il/g 1I'i I II tliIIi:re/1/ 111(1/1 0 1111'f',\' 
Th" results obl<iil1ed (Tahle I) show tllal 
m('1l01lIn, such as mclhyl IIlc!hacrylate, 
:lL'rylilllilrilc ilnd methyl acrylate arc 
Jl"IYlIlcriscd readily 01110 collagcn using 
Ihe Mn'!ion initiation tcchnique, Even 
though grarting look place in all cascs, the 
ditkrcll[ vinyl IlIOllomers were grafted (In[o 
collagen wit h various degrees or Sllccess, 
The perccnt grafting was fou'nd to bc higher 
ill Ihe case of MMA as compared to AN 
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COMPOSITION OF COU,AW'N V,NYL GRAFT COPOLYMERSa 
(·ol/lIgC" ill 11,(, g,.aJi 
I 'X.) 
(/1'(//1 I'OI",I"I//('': Ii>' /Jy /I,' /I" 
I,;"t/ \I''';xlll ArKi- li,'dru.n-
lIi/roKell dif/l'f"lt/Wi' IIill(, IN:I1/ill,!' 
(; 
Col/agen-PI'"I M A 40,54 ·IO,,~5 411.14 311,77. 
Collagen-I'M MA 45.(,1) 45.':11 4(,,:l~ l'I. ~x 
Collagen-PM A 65.20 65.46 (,5.~,1 ~X.~~ 
Collagen-PA N GO.'!5 59.25 :lX, ,II) 
.\}lIIltelic polYlller 
ill lite gruft, 
(%) '----
-------'-'--'-
lJy lJy Ill' By (j' J" " 
IlIlal weiK'" ,Argl-- lI)'droxy- "ra IIl/g 
lIilrngCII differcnce lIil/e prolil/e' (;<.) 
...... _-_. __ . __ .- -._----....----. 
59.4(, W.45 59.66 69.21< 146,7 
54.40 54,1)') 5.1.(,2 (,0.42 ' , 119.3 
3UO 34,54 ,H.17 51.12 5.U!! 
.1<) .115 40.75 fll.70 51.118 
,a. 'lniri.ator con~entratiqn = J.I2;.<lO'''molell; kll'!,. = Jonc: monomer ,~ 20g.; lime = J hr,l., , 
b. Calculated 0"1 the basis or nitrogen vallil's 
c. .In the absence or Na SO 
, . 
, 
and MA. These reslilts were ~illlil;,rl(l llii' , 
results of Cc," inil,ialed grarling," The 
!owcr percellti gr;1/'ting in the case or/\N 
may be allril~utcd to the cofllplning or 
MIl'+ and MI)~' wi.lh the nitrile groups 
wh ich reduced: thc avai lable M n"" ions for 
the grafting reaction: on Ihe other hand. 
the lower perc'elll gqlrting of MA Illay be 
due to its low, r(,'act i~'ily. Factors such as 
permeability of' collagen 10 monol11ers. 
interaction or; nlOnOlllcrs In collagen <lnd 
initiator etc., f1lso cnnt ribute to varial i')IlS 
in the degrecior grafting. However,rur 
specilic 1J10nOrilers ccrtain initiators II't;re 
more elfcctive! than' (lillcrs in pronlOtinl! 
polyrnerisationl and/or grarlil1g, These 
results were in accOrd;II1L'C with (hosL' 
obtained llsillglceric ion il1ilialion.' Si,lt'c 
" I 
the grafting repctions were carried 0111 in 
III't!ro,YI'/lrolill(, ill gra/ied col/agell 
Table I "Iso gives Ihe estimation or total 
nitrogcn and also hydroxyprolinc and 
arglL1IBc. From the table, it can b~ seen 
that the collagen content obtained by thc 
acid med ia wh ieh cause t he fibrous collage n 
structure to s«-elr. tlie <it-gree or -swcl/ing 
wasr.e~ulatcd jby a~!ling SO~illl11 s~"pllille 
except In one [cxper·lmenl. l-rol1l 1 able I, 
,it can be seen t:JH1t Ihe percent graninl! W;" 
greater in the, 1l,hsellt'C' of sodiul1l ~Ulplr;'I'.' 
total nitrogen, arginine and weight diO'e.-
rence IIlclhods agreed within reasonable 
limits, But the hydroxyproline uClcrl1lil1a--
tion invariahly gavc lower values. Similar 
results wcre also obtained in Ihe casc or 
ceric ion initiated grafting.' fn the graI'l ing 
of vinyl munomers onto co"ageil, Ihe grarts 
are allached 10 certain <Imino acids or Ihe 
collagen trunk polymcr through covalent 
linkages which arc rtsistant to hydrolysis. 
When the grarrcu product is, thercrorc, 
hydrolysed Wilh hydrochloric acid, the 
;lInino acid through which ~hc grafting has, 
laken place will still be allachcu to lhe 
grafted bra IIchcs_ The lower va lucs obt" incd 
for hydroxyproline in the hydrolys<ltes or 
, the grafted collagen, therefore, suggesl tliat 
some of the gra rts may' be attuched 10 
hydrn,xyprn l il1r: r('~idlles, How('ve!', Ih~' 
'\ 
I 
I 
I 
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1I~llllbc'r ,ul gral'lillg silo (' ide I'ahk-,\) 
c,lIculaleti for Ihe various graClcd IwlYJllers 
aie 100 few 10 account for Ihe significanl 
dtcreasc in hydroxyprolinc conlcnt. II is 
pi.)S~llk thai sOllle of Ihe hydl'lnyvrolinc 1 'I 
reisidllcs may be modified hy altaehment 
w!lh shorlcr gr<lrts which c,ll1nol hc isnlalc·d , . 
hX acid hydrolysis. Such ;1 Iws-;ibility is 
h~ing c)(alllillCd anti the findillgs will be 
rc:ported ·in future c()l1ll1lunlcallo IlS . It is 
! 
____ w~. __ _ 
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alsl) pl.l.;~il>1c Ihal somc of Ihe hyurllxyprolinc 
rcsiducs in collagen urc destroyed by Mil'! 
ions. H.owevercontrol experiments showed_ 
1 ha I slich losses, of hydroxyprol i ne are not 
vcry signille·lIll. 
Nali' 0{ gm(lillg alld efJiciellC)' vI gr41illg 
The rate of grafling follo wcd the order 
r"1[,,I;\> M;\> AN; however, it was greater 
ill thc ahsence of ncutral sail Crable 2). 
of ;,,11II~1 
I-:/Iil'ic,,('\' or 
.1.":"'1111)..' 
I 7'0(/1 FtI/III",'I/' deld \,(,,',\;0" l'lt/,l'wer 
W,';g/r( III g;'j/ (Ii'" 
/litly"'(''' 
(g.) ( ',\ • .1 
i"ilIlOf//("I-
I 
I 
1 
1\1/\1/\ b 
"'11\,1/\ 
I 
Mf,\ 
/\~ 
, 
(f:, ) 
.... _-------
1<),t8 
20,70 
15.20 
~O,3S 
a: , as in Table 1 
/',';',1 
._-" _ .. -----
57,011 
sri ,~~ 
42,l)() 
"I. 70 
b:, III Ihe absence or Na"SO, 
! 
1 
f;'.,'·1 
o,IlIH 
O.,1~2 
\l 2tlY 
1I!I'IIl 
Th:e clli~i~ncy of g.rafting. was 16'" ~\Ild abovc 
usi,ng M nH ion In Illal i()Il. Thc ,111]L1l1nl 
or 1hot11opolymer as dctermined hy prccipi-
I"tfion (II' the pl1IYIlIer cxtracted fruill Ihl'. 
!!r:,fted produt'l was roulld lu bL' Irs, Ihall 5'::',. 
II Zvould appcar thercfore thai l1Iusl (of 'I he 
p(liYIll.:rs rorilled during copolYIll::risalion 
arc! grafted In the collagen backbon::. Thus 
thJ cllieiency or grafting is vcry hig.h usillg 
MI)'+ initiatiun techniquc wilh dilTL'rcllt 
l11~nol11crs although lhe rale of grafting 
va~ies. depcnding on the, type or monomer 
usSd Cfablc 2), ,It is possihle Ihat Ihe rate 
or I disproporlionation of Mn"'" clliiallen 
cOIllplex Illay also inlluc:n;e Ihe graftillg 
rale. 
1,,,Jrlll/( ~('ILN(T. VOL, ::1. 1<)7,1 
1 
11.40 
11,27 
10.34 
IlX) 
'17.1',,1 
'1,),15 
Afolentillr lI',dght of gr,~r( .. d brallches 
Characterizalion of dilTcrcnt graft copuly-
Illl'rs pl'l:p<lred by Ihe mallganic iOIl method 
sh(IIVI.:d Ihat thc l11oiccul:lr wcight of lhe 
gr<Ii'lcd "illyl polymcr is vcry much larger Ihan 
liI;lloi' Illl: clJllagcll suhstrate illlJicating 
Ih;ll grafting reactions involved only H ~mHII 
pro\1IHtioll of Ihe fibre molccuks. (Table J). 
The f;lct that the graft copolym('\'s have 
{lilly a small number of branchcs is rairly 
COlllmon when thcy arc prepared by a frce 
radic:11 mechanism, Ilclcrogcncily of Ihl' 
grallilig ~;y,tCIll during p('IYlllcrisati(l1l IS 
cl,n;;idcrcd 10 lead 10 more ,Huctural order 
111 the grail copolymCJ's, Thc result, 
... 
.,.' • 
.. .....,..m. 
'. 
.";,. 
I. 
TA8LEJ 
i CHARACl'EIl'ZATlC;N OF COLLAGEN;-VINYL GRAFT COPOLYMERS" 
I 
'[1/] (If Mol. 11'1, II/ fliolllr(' of graft i.wlalet! (,"(lol),lII('r . ;.<0101<'.1 .~mJi.l' 
gra/I .• M :;; 10-5 
Collagen-I'M MAb 
'4.2 14.55 
Cn"agcn-I'MM~ 5 PU2 
Collagcn-I'MA 1.1 2.X,)7 
Coliallcn.PAN S 5.(,2.\ 
a. as in the Table I , 
b. In the a hscncc of Na SO 
, " 
I I 
obtained in I the c.lse uf eeric Ion also 
indicated a sinlilar • rend." Moiccular 
weights of IrMA ;Ind PAN gave Inwer 
values cOl11pf~red with PJ\'1.MA. 
, 
1n previous invc'stigations""" illvolvillg 
gr;If'tin)! wilhl diflcfcnt 1lIlllHlors, il was 
found 1 hal II;e IIw:lt:clllar wl'i!!hl of tht: 
grafted bralH;hes i~ t'he sallie as thai or the 
h omopolymcrl In L'llI' i nvcstiga I in IlS wi th 
samples oblaillcd IIll,dn dilrcrcnt t'tl lldiliol1s, 
Ihe' nlOlccularlll'cighi nr.hc gral'lcd br,llIch L',; 
is found 1(1 ;hl' cO'.l'.idcrahly higher Ihan 
Ihat of Ihc h:onlOpolYl11cr Obl:lined during 
polymeri-;aliol1 .. Thlls in thecasc of I'M JvlA, 
lhe grafted slide d,aills h;,d a moleclilar 
weighl of IX.J.2 x IO"'whereas Ihl' correspull-. 
ding homopolymer' had only a l1Iolecular 
weighl of 3.121 x Hr', . Thl'sC re~lIll, ;11'1: In 
agrcclII~nl \Iiith llio~e ohtailled will, 
eeIIIl10se·-I'MMA g~an copoly",er~ lI~ill!! 
MnP. initiatioll tccll!liqlle.·!" 
Gra/ting .I'i/('.I' : 
The III 0 It-drl ar' \\'ci!!hl' of the i,,,I:,led 
grai'ls illdicate's !hal .;h~ eraJh'd dlaill'; are 
;;tan.\' limes Inirl!cr Ihall'tht' trtlJ)ol'"II""l'1I 
,-. to 
IIIolccliks (M;. wI. JOo.nOO) makillg lip I hl' 
. " ... ~ . 
" 
No,o/ Gra/lil/g rcJle RI'X 10' gro/I;"K siles, 
';G/hr, 1/101.'/ J /sec, mole/mo/e, 
0.3025 48.9 6.7117 
I).M59 39.8 5,524 
0.5526 17.79 2.87,1 
0.2768 17.21) 4.52(, 
collagcn fihres (Table .3). The 11111111}cr "r 
grafting sites oblaincd in most C:I\:' 
indicates that only one collagen 1II0/eCUIl' 
in fOllr is involved in the grafting reaction.' 
However, in Ihe case of coJ/agen-PMA 
grafts, the isolatcd grafts havc lower value~ 
of molecular wcigh! and the number or 
grafting silcs was mort: as compared III 
MMA grafted sall1plcs. The analytical 
results indicaled lhal hydrll.\yprolinc 
rcsidlles Illay hc invol\'ed ;1, gr:,1'1 ing ~i.c, 
liS i II.'! Mn'!' Inll'<lI'''11 Il:chl1:qllc, The 
peplide hackbllile 111"Y also provide ,ill', I',lI' 
il1ilialian of thc grai'ting reacl ion. 
/n(i;a-rf't! .fpeClm 
Thc infra-red spcctra or gr"l'l l'I.IPtll~·I1It'r.; 
show hoth Ihl.'· characler;s! it' a/l"ll'(l1 iOIl 
bands of thr polymcr graflcd and thuscof 
Ihe collagen ~ubstrate. However, Ill"ny 
workers Iw\'c rl.'pOrlcd"·:I' tlwt when thL' 
infra-red spcctra oi' lhe· gra!"t cl>polyml'r" 
were C(llllparcd wi.1t S:VlIll\cl ic hlcllll<. Ill' IhL' 
sall1l.' composilion, no significanl dilh-relln:" 
could bc deteclcd hctween tltc speclra or 
grafts and blcnds, A hCllcr ",clh .. d for 
e~labJishing pmof of ,,!rai'ling ,'"as :I cl.ticvl'll 
~ .~ 
. ~ " 
.. 
, 
: ! 
~. 
, 
I, 
: ! 
i 
1 ' 
.. ~ 
i' 
in the' prcselit ,tudy by L'ompaflng thl' 
II1(ra-r<.:d spectra uf polym.:rs· iSlllatecl frol11 
L'ollagel1-vinyl graft copolymers by ill:id 
and enzymatic hydrolysis \"ilh those of their 
corresponding homopolymers Where the 
products arc true graft copolymers, the 
i 11 rra-red spect ra or I he isola ted ma teria I 
will show typical bands of :Imino. aeid 
residues and those of .the grafted pol) mer. 
In the case of physi<.;al mixtlll'l':s, the isola-
tl'd product will register the corresponding' 
honlOpolymer only, since cullagen trunk 
will, be removed completely by hydrolysis. 
The infra-red spe(·tra of II number ofgraf'ted 
side chains isolated from different collagen-
vinyl graft copolymers by both acit! and 
enzymatic hydrolysis were therefore 
examined. As a representative sample, the 
infra-red spectra of the isolated poly 
(MMA) side chains obtained by enzymatic 
and acid hydrolysis is shown in foig. I. 
The infra-red spectrum of isolated grafts 
of collagen-MMA graft copolymers by both 
acid and enzyme (pronase) methods showed 
. char,ictcristic amide absorption bands of 
collagen at 1660 and D90 em -, in addition 
. to ansorption band~ at 1730, 1450, 1150 and 
'.!91i C'1ll : ,'l I'MMA. Thc spectra of 
i,ol:ltl'd grafh frl)11I collagen-PAN and 
Cl.l/!:Igen-PMA graft COlhllYlllcrs also showed 
. ci1:lradcrist ic amide abs,)rptii.)n bands at' 
IMO and 3390 cm ',as well as bands of the 
. corresponding hOl11opolymers. The amide 
absnrptioll bands ;He more prominent 
j'oliowillgellzYlllatil' digcstillntlwn with acid 
hydrolysis. Tht:~c reslIlls are in agreement 
with those llbtailll'd using eerie lOll 
initiati(ln' since proteolytic enzymes will 
give rise tto longer fragments i1ttached to 
'the end or the grafted side chains, thereby 
giving rrominent peptide amide absorption 
bands in these t:ases. 
In Table 4, the results obt'lined with 
Mn'" initiation tc<:i1niqllc are compared 
with tlwse using Ce l .' initiation technique 
as rl'plHled ill l'arlier studie~.' > It can be 
seen that in both cases, the molecular 
weight llr gr<lfied branches is very high and 
only :1 smali proportion of collagen 
Illolecuks IS involved In grafting. 
}-fol11op,I/ynh r formation is also· negligible 
in both cases since free radicals are formed 
dir':<:lly nn the collagen backbone itself. 
TAIlLE 4 
Compllrative data or Collagen-PMMA grafts prepared 
by Ce'l and Mn" illiliati(lll mdi10ds 
lvf~/ho" 
eerie iU/I method 
Manganic ion method 
Percell I 
gra/lillg" 
159,6 
146.71> 
119.3 
Gra/lillg rtlle 
%Ih,. 
5.1.2 
48.9 
39.8 
.... _-_ .. _--_._._-----
Calculaled'on the b<lsis of nitrogen values. 
In the absence of Na.SO. 
LEA'lllt'J( SCIENCE, VOL. 21, 197,1. 
Up X )04 
/IIolell·lsec. 
7 .. IH-l 
6.7'1<7 
f!,Jol. 11'/. of 
isulllled 
grill;·,· 
.'vI ~.< ro" 
~(). 75 
14.55 
t02 
No. 0/ gra/l/"K 
siles,/IIoleltllOle' 
0.2301 
O.J025 
0.2459 
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Fig, 1 ;-- Inrra-red spectra of PMMA gralh isotated from collall~rI":,- . 
Ria/ron lIIicrosc{!I'Y 
The structure ~)r collagen-vinyl graft I 
copolymers depends on the mel hod of 
initialion: of free radical rDrmation, 
experimcn,ial conditions during plllymerisa-
1 il)n, pre;-treatment of the backbone 
I . 
substrate and the type of monomer used, I 
.In'thc present study, the location and distribul.i()l~l or the grafted polymcrs il! the 
collagen libres were studied using eleclron 
' I, 
microscopy, takillg the collagcll-poly (mt:lhyl 
rnctIHlcryla/tc) gni~n copolymer as a lYrical 
sample. ~Iectrol~ microscoric observalions 
or grafted Icollagen librils IIsing manganic 
ion initiatibn tecllnique show (Fi,g, 2) thai 
the fihrils I are c~)ated with the polymcr, 
rcsuliing inl obscuration of the cross-stria-
, '1'1 I I "I I lions, lqse rcsu Is arc simi :Ir 10 t lose 
nbl:lined \vilh . eerie. illn inilialed 1'/'vIMA 
,graft l'opo!ymers: which indicated IIt:11 Ihl' 
'grafted rol,ymers penetrate dct!p/y inlo the 
!ibri/s, so nj:'sking the cross.strialilllh, 
, ',. '.' ~. 
Mechanism of grafting reaction 
The most imporlant feature of tile 
manganic ion system is that it proceeds via 
a single ektron Iranfer with the formati(>f1 
of free radicals on the reducing agents.' .••. " 
Thus, if the reducing agent' is'.) polymeric 
molecule such as col/agen and the oxidation 
is carried out in the presence. of a villyl 
monomer" the free radical produced on the 
collagen molecule initiates polymerisation 
and the rr()(luction ofa graft copolymer. 
As in other systems such as cellulose and 
polyvinyl alcohol where grafting is aCCom-
plished using free radicals, the present 
pr()ces~ involves formation or radical sites 
on t he collagen hackhone.ln a system sllch 
as mallganic sulphate, methyl lllethacrylate 
(or allY villyl 1l1 0 1;Omer) an,d COllagen, the 
graft l'llpolymerisatiol\ reaction is thoug/:, 
III prnceed according to lhe folluwing 
IIll:challi'nl. The e/,emcnlary reaclion's 
1 I A 1111 I{ SC'H';o.:('F, VOl.. 21, 197~. 
,-, 
10·0 MICRON 5 15· 0 
. 2.0.0 :4 50 
7·5 r-__ ~-+-----r.~, ~~~__________________ r-------~~---'IOO &0 90 
40 
2.0 
~~ ___ ~~ ____ ~----~--~l-----~--~----~----~----~O 
1'300 1200 1100 woo 'loa 800 700 GOO 500 .O(} 
I f'I1EQUENCY (CM-I) 
1'i\11\11\ !!l'aft-<;ol'<,IYl11cr (A) I>y acid hycirol\'sis (Ill hy Pronase digc~liLln. , I 
I 
I (I ).-_. (16) were assumed for the graft copolymcrisatioll. 
J;.!i 1 ia I ion 
I I K K d •• MIl,.1 \" CXH... Complex ------) ex -I- M n-' 
. \ K. . :',~ eXI M __ -'-~ C X M 
.~" I K'· 
'1' ,. 'M I M 1'1 '. IV n" +- --.~ .. -,--~ M 0' n"' + 
l'rc'l'a~(/ I ;011 
! 
., Kp 
C X M .\. M ---~ C X M 
lx-I ' 
I 
I K' 
M .. L M __ -J'~_7 ~1 
1'-1 \ .Y 
TerJllilla I illll 
! 
ex ML 
,I K\ M. I, 'Mn'I' _____ ---') ,tv1 -I- M \1"' f' II ' 
y"l I Y 
. I 
e XI-i Mil'! 
K 
_. __ ~ Oxidative prnciuc\s +- Mn"" + H+ 
I LEATIII'R ~CII'NCE, VOL. 21, 1974. 
I 
I 
I 
\' H+ (\) 
(2) 
(3) 
(4) 
(5) 
(5') 
(6) 
.2,69 
~, .. 
I 
1 
Iji/!:. 2 : .. - Eleclron Illicrograph or cn!!agcn fihrils rr"l11 hi"e 
I'owdl"r ~rarll'd \\'ilh 11<)'::, 1'1\1\1:\. ''':hlll\\,,,1 
wjlh l'alladi'"l1-f!(1ld .. 12.Ik,HI\ 
I 
Where- C i~ l',,"a~clI h:g:J.;/Hllll' :lIld X 
dcnoles a rcal'livc: grllul~ 111 CIlII:lgL'1I 
(X :" OH, NH" CONII elc). 
, 
M is a'lI1onOIl1::-r, jK is Ihl' equilihrillill 
l'onslanl lind K. Kl. I< K' K 1(' 
I. I, I', 1', I. I. 
and K lire ratl~ l'll11 sla II h. 
II I. 
Equaliol1s 14.') an~ (~') :Ir~ I'('SPlTI i\'l'i~ 
propagal inl1 a.n:u tcrm:illlil ion reetct iUI1, I'llI' 
homopolym:cr.:. Jorl11alion :IIHI l'qll:lt iOI1 (li) 
represenls Ihf! oxitiati(?11 reaction o!'cllll:lgell 
radit:'11J by the maliganlc ion, 
Since n.egligihle qtianlilie~ oj" hOl11OPU' 
·Jymer arc rormcd dllril\g the gran l'llpoIYl11c, 
risaliol1 of collagc" twith dilkrcill viliyl 
monomers undcr the dpcrimcntal cOlldilinll\ 
~Iudied, Ihe readiolis/f'I') un'd (5') probably 
OCcur on-Iy 10 a minor extent. The termin<l'-
'liol1 i;lside thc co;lIagcn molecuic h.\' 
mUlual intl'raction or Ihe growin!! W:lf'1 
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plliyrner radicah i~; IIlliikl'ly a, Illa~ he'l'l'l1 
by l'ol1sidering lhe moleculur weight dala. 
However, more tlt'tailed ~tlldies /III 'Ih,' 
k incties (II' graft cOWllymcr or l'lIllag<:n, 
vi nylm()l1(lrn~r :Ind rn:lllg:lIlic ion sySll'Ili aI',' 
lH:edcd III draw a IIY (L~Ii~lilc elll1ch"i(ll1~ 1111' 
'the nature or lhe termination slep. 
i\ekn()wJcdgl'/IIcill 
The authors lirank Dr. N. l~amall:IlIHin 
for lhl: elct:ln'n rnicrngr:tphs, 
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